The amyloid-b 1-42 (Ab42) peptide rapidly aggregates to form oligomers, protofibils and fibrils en route to the deposition of amyloid plaques associated with Alzheimer's disease. We show that low-temperature and low-salt conditions can stabilize disc-shaped oligomers (pentamers) that are substantially more toxic to mouse cortical neurons than protofibrils and fibrils. We find that these neurotoxic oligomers do not have the b-sheet structure characteristic of fibrils. Rather, the oligomers are composed of loosely aggregated strands whose C termini are protected from solvent exchange and which have a turn conformation, placing Phe19 in contact with Leu34. On the basis of NMR spectroscopy, we show that the structural conversion of Ab42 oligomers to fibrils involves the association of these loosely aggregated strands into b-sheets whose individual b-strands polymerize in a parallel, in-register orientation and are staggered at an intermonomer contact between Gln15 and Gly37.
A major pathological hallmark of Alzheimer's disease (AD) is the formation of neuritic plaques within the gray matter of AD patients 1 . These plaques are composed primarily of filamentous aggregates (fibrils) of the 39-to 42-residue-long amyloid-β (Aβ) peptide formed from the proteolytic cleavage of the amyloid precursor protein by βand γ-secretases [2] [3] [4] [5] . The major species in Aβ production are the Aβ40 and Aβ42 peptides, with Aβ42 being predominant in neuritic plaques of AD patients and showing a higher in vitro propensity to aggregate and form amyloid fibrils 4, [6] [7] [8] . Familial AD mutations result in an increase in the Aβ42:Aβ40 ratio in cell culture and mouse models 9, 10 , and elevated plasma levels of Aβ42 seem to be correlated with AD 11 . Given the pathological significance of the Aβ42 peptide, determining the molecular structure of its fibrils and prefibrillar oligomers is crucial for elucidating the aggregation pathway involved in plaque formation and for developing therapeutic and diagnostic agents.
Much is known about the molecular structure of Aβ fibrils. Like other amyloid fibrils, Aβ fibrils have a cross-β structure in which the individual β-strands are oriented perpendicular to the fibril axis 12 (see Supplementary Results 1). In Aβ42, the N terminus is thought to be unstructured 13, 14 , and there are two largely hydrophobic β-strand segments within the fibrils that have a parallel and in-register orientation [15] [16] [17] . Figure 1 shows a schematic of the Aβ42 sequence and summarizes current models for how the two β-strand regions may fold into a β-strand-turn-β-strand (β-turn-β) conformation. A specific packing arrangement of the β-strands has been proposed on the basis of mutational studies in which Phe19 on the N-terminal β-strand packs against Gly38 on the C-terminal β-strand 14 . NMR studies have suggested that the C-terminal β-strand bends at Gly37-Gly38 to allow Ala42 to contact the side chain of Met35 (ref. 18 ). The C-terminal residues are largely protected from solvent exchange 13, 14 , although electron paramagnetic resonance measurements indicate that the last two or three residues may be disordered 17 .
Models of Aβ42 fibrils can be compared with those of Aβ40 developed previously on the basis of solid-state NMR and scanningtunneling electron microscopy measurements 19 . In Aβ40 fibrils, residues 1-10 are found to be unstructured, and residues 11-40 form a staggered β-turn-β unit stabilized by a salt bridge between Asp23 and Lys28 (ref. 19) , but with a different set of intrastrand contacts than those proposed for Aβ42 (ref. 14) (see Fig. 1b ). In the Aβ40 model, Phe19 is in contact with Leu34, Gln15 is in contact with Val36 and His13 is in contact with Val40 (refs. 19, 20) . The cross-section of Aβ40 fibrils has recently been shown to consist of either two or three β-turn-β units depending on the morphology of the fibril 20 . Fibrils with a striated ribbon morphology have two-fold symmetry with intermolecular contacts between Met35 and Gly33 and between Ile31 and Gly37. In contrast, fibrils with a twisted morphology have threefold symmetry with intermolecular contacts between Ile31 and Val39. In both fibril structures, the β-turn-β units pack in a parallel and in-register fashion with roughly the same conformation.
Considerably less is known about the molecular structure of Aβ oligomers, which have been shown to cause neuronal dysfunction [21] [22] [23] , disrupt long-term potentiation 24 and impair memory in mouse models of AD 25 . A growing body of literature has implicated the prefibrillar oligomers, and not the fibrillar form, as the primary pathological species of AD 26, 27 . Of particular pathological significance is the Aβ42 peptide. Low-level expression of Aβ42, versus overexpression of Aβ40, has been shown to correlate with extensive amyloid pathology in transgenic mouse models 28 trimeric and tetrameric complexes 29 as well as globulomer structures (dodecamers) 30 in the presence of SDS and can form pentamers and hexamers in solution 31, 32 . Our own investigation of Aβ42 oligomers using single-touch atomic force microscopy (AFM) has shown that, within hours of incubation at 25 °C, Aβ42 monomers form a wide range of soluble oligomeric species (diameters of 5-25 nm) and protofibrils (lengths of over 40 nm) 33 . The inability to isolate homogeneous Aβ42 oligomers has presented a challenge for high-resolution structural approaches. Recent work 34 reported solution NMR measurements of Aβ42 globulomers solubilized with SDS. The authors found that globulomers are composed of dimer units having both intermolecular and intramolecular β-sheet contacts. The drawback of these studies, however, is that the use of detergent is thought to produce an off-pathway conformation that does not lead to fibril formation 35 . In the case of the Aβ40, previous studies 36 were able to isolate relatively homogeneous Aβ40 oligomers by filtration. Transmission electron microscopy (TEM) revealed that spherical aggregates with diameters ranging from 15-35 nm could be stabilized under low-salt conditions at 4 °C for up to 55 h. Unlike the Aβ42 oligomers in SDS, these spherical aggregates are shown to be intermediates in Aβ40 fibrillization, as they slowly convert to protofibrils and fibrils and contain fibril-like β-sheet structure.
Here, we took advantage of low-temperature and low-salt conditions to stabilize homogeneous oligomers of pure Aβ42 obtained by chemical synthesis. These oligomers had not converted to β-sheet structure, although the hydrophobic stretches within the peptide sequence ( Fig. 1 , green) packed together in a strand-turn-strand conformation and were not solvent accessible. When the temperature was increased, these stable Aβ42 oligomers readily formed protofibrils and fibrils, and we show that this conversion is associated with a reduction in neurotoxicity. Using a combination of TEM, single-touch AFM, Fourier transform infrared (FTIR) spectroscopy and NMR spectroscopy, we are able to define key molecular contacts in both the oligomeric and fibrillar conformations of Aβ42 and consequently to characterize the structural changes involved in aggregation and toxicity.
RESULTS
Ab42 oligomers are disc-shaped pentamers and decamers TEM and AFM are complementary methods for imaging Aβ42 oligomers. TEM images of Aβ42 oligomers prepared at low temperature and under low-salt conditions revealed a nearly homogeneous distribution of round particles with average widths of ~10-15 nm ( Fig. 2a) . Single-touch AFM confirmed that the oligomers have widths of 10-15 nm under hydrated conditions but showed they are disc shaped with heights of ~2-4 nm (Supplementary Results 2) . The height measurements by AFM are accurate to ± 0.1 nm (ref. 33) and reveal that there are at least two populations of oligomers. The predominant population of oligomers had heights of ~1.5-2.5 nm, whereas a smaller population had heights of 3-4 nm. Our previous AFM studies of Aβ42 at 25 °C and physiological salt concentration revealed that the oligomers with heights of 3-4 nm can be reduced to heights of 2-3 nm in the presence of designed inhibitors that bind the hydrophobic C terminus of Aβ42 and inhibit neurotoxicity 33 . Notably, when the height was reduced by inhibitor binding, the oligomer width did not change, suggesting that the ~4-nm-high particles are dimers of disc-shaped, ~2-nm-high oligomers.
The stable oligomers formed at low temperature are on a productive pathway for the formation of amyloid fibrils. Narrow, elongated protofibrils were formed when these Aβ42 oligomers were incubated for 6 h at 37 °C ( Fig. 2b) . Dense networks of mature fibrils were formed from the protofibrils after 12 d of incubation at 37 °C ( Fig. 2c) .
We tested the stability of the Aβ42 oligomers by thioflavin T binding (Supplementary Results 2). Aβ42 oligomers at low temperature and low salt showed negligible binding to thioflavin T, with no evidence by AFM of protofibril formation or further aggregation over extended periods of time (up to 100 h). When the temperature was increased to 37 °C, newly formed protofibrils and fibrils showed appreciable thioflavin T binding.
We characterized the composition of the Aβ42 oligomers by sizeexclusion chromatography (SEC) as well as by native and SDS gel 
Figure 1
Sequence and structure of the monomer unit in Aβ40 and Aβ42 fibrils. (a) Sequence of Aβ42 that is derived from human APP. (b) Structural constraints in Aβ40 and Aβ42 fibrils. NMR measurements of Aβ40 fibrils have shown that residues 1-10 are unstructured and residues 11-40 adopt a β-turn-β fold 19, 20 . Side chain packing is observed between Phe19 and Ile32, Leu34 andVal36 and between Gln15 and Val36 as well as between His13 and Val40 (blue dashed lines). In Aβ42 fibrils, residues 1-17 may be unstructured (in gray), with residues 18-42 forming a β-turn-β fold 14 .
Molecular contacts have been reported within the monomer unit of Aβ42 fibrils between Phe19 and Gly38 (red dashed line) 14 and between Met35 and Ala42 (orange dashed line) 18 . In both Aβ40 and Aβ42, the turn conformation is stabilized by hydrophobic interactions (green residues) and by a salt bridge between Asp23 and Lys28 (black dashed line). Results 3) , which is closer to the molecular weight of a pentamer (22.5 kDa) than to that of a hexamer (27.0 kDa). On native gels, we observed a single band with a molecular weight of ~20 kDa (Fig. 2d) . These results indicate that the 2-nm-high oligomers are predominantly pentamers. Photochemical cross-linking and MS have previously found stable pentamers and hexamers in solution 31, 32 . On SDS gels, we show that the oligomers (Fig. 2e , lane 1) can be broken down into monomers (4.5 kDa), trimers (13.5 kDa) and tetramers (18.0 kDa). The protofibril sample (Fig. 2e , lane 2) showed an additional smear of aggregates with molecular weights of >25 kDa. Incubation of the oligomeric samples with SDS before electrophoresis on native gels confirmed that SDS can disrupt oligomers into smaller apparent sizes. Results 1 and 2) , in combination with the results from SEC, indicates that the oligomers observed by single-touch AFM with heights of ~2 nm are composed of pentamers, and possibly hexamers. We propose that the oligomers with heights of 3-4 nm correspond to dimers of the 2-nm-high particles.
Volumetric analysis (Supplementary
The absence of decamers (or dodecamers) in the SEC and native gel measurements argues that the 2-nm-high particles dimerize only weakly under low-temperature and low-salt conditions. Ab42 oligomers are more toxic than protofibrils or fibrils One of the challenges in determining the toxic state of Aβ42 is that one typically has a heterogeneous mixture of oligomers and protofibrils 33 . The ability to stabilize Aβ42 predominantly as pentamers allowed us to compare their toxicity with that of higher-order oligomers and fibrils.
We measured the toxicity of the Aβ42 oligomers, protofibrils and fibrils using primary cultures of mouse cortical neurons. We found the stable oligomers to be significantly more toxic than protofibrils (Fig. 2f) . The striking aspect of this result is that we added the oligomers to neuronal cell cultures at 25 °C and allowed them to incubate for 48 h before testing cell viability. This observation implies that the oligomers rapidly interact with neuronal cell membranes. The toxicity of the Aβ42 peptide was further reduced as mature fibrils formed (see Supplementary Results 4). Taken together, these observations suggest there are toxicity-conferring structural features of the oligomers that are not found in the protofibrils and fibrils. Below, we characterize the structural differences between the low-temperature, low-salt oligomers and mature fibrils of Aβ42.
Secondary structure of Ab42 oligomers and fibrils
We determined and compared the secondary structures of the Aβ42 oligomer and fibril samples using FTIR spectroscopy. We observed the amide I vibrational frequency, which is sensitive to backbone conformation, at 1,645 cm −1 in FTIR spectra of the stable oligomers prepared under low-temperature and low-salt conditions (Supplementary Results 5). The position of the amide I vibration is consistent with disordered secondary structure or with aggregated strands having a less-defined preference for the φ and ψ torsion angles characteristic of β-sheet secondary structure. When we warmed the sample to 37 °C, the amide I band immediately narrowed and shifted to 1,630 cm −1 , a frequency characteristic of β-sheet structure. Measurements on samples incubated for less than 1 h at 37 °C are nearly identical to those of mature fibrils, indicating that the conversion to protofibrils rapidly induces a conversion to β-sheet 33 .
The lack of defined β-sheet secondary structure in Aβ42 oligomers implies that the amide backbone is more accessible to solvent exchange than in protofibrils or fibrils. We performed solution NMR measurements of hydrogen-deuterium exchange of the amide NH protons to investigate solvent accessibility. Amide exchange rates have previously been reported for Aβ42 fibrils, showing the N terminus is relatively accessible up to Leu17 but that the C terminus is protected from exchange 13, 14 . The amide hydrogen-deuterium exchange rates for Aβ42 oligomers and fibrils were distinctly different (Supplementary Results 6). For the oligomers, the observed amide exchange rates suggest a solvent-accessible N terminus up to Gly9 and solvent-accessible turns at His13-Gln15, Gly25-Gly29 and Gly37-Gly38.
The structure and composition of the Aβ42 oligomers are markedly different from the neurotoxic oligomers of Aβ40 characterized previously 36 , despite the very similar conditions used (5-10 mM NaCl and 4 °C). According to their measurements, oligomers of Aβ40 are spherical aggregates of 200-400 monomers with diameters of 15-35 nm. NMR analysis showed that these large oligomers contain parallel β-sheets. In contrast to Aβ42, the Aβ40 oligomers slowly form protofibrils and fibrils after ~55 h. The difference in structure and the higher propensity of the Aβ40 oligomers to convert to protofibrils and fibrils at low temperature may reflect the lower toxicity levels generally shown by Aβ40 relative to Aβ42.
Parallel, in-register b-sheets in fibrils but not oligomers
The previous observation 36 that both the Aβ40 oligomers and fibrils have parallel and in-register β-sheet structures highlights an important difference with Aβ42. In the previous study, solid-state NMR measurements revealed close interpeptide contacts in both the Aβ40 oligomers and fibrils, whereas the FTIR results above suggest that the fibrils of Aβ42, but not the oligomers, form β-sheet secondary structure.
We undertook solid-state magic angle spinning NMR measurements similar to those of previous work 36 to test whether the Aβ42 peptides in the oligomer and fibril conformations are composed of β-strands that have polymerized in a parallel and in-register orientation. We measured interstrand 13 C… 13 C dipolar couplings at Ala21 on the N-terminal strand and at Gly33 and Gly37 on the C-terminal strand of Aβ42. Figure 3 shows two-dimensional dipolar assisted rotational resonance (DARR) NMR measurements of interstrand 13 C dipolar couplings Figure 3 Parallel and in-register orientation of β-strands in Aβ42 fibrils. (a) Labeling scheme to test for parallel and in-register orientations of the N-and C-terminal β-strands in Aβ42 fibrils and oligomers using an equimolar mixture of Aβ42-Ala-Gly 1 and Aβ42-Ala-Gly 2 peptides. The red dashed line corresponds to the 4.7-Å distance expected between adjacent Ala21 residues and adjacent Gly37 residues along the fibril axis. (b) Rows through the Ala21 13 CO diagonal resonance in DARR NMR spectra of Aβ42 fibrils (red trace) and oligomers (black trace). A distinct Ala21 13 CO…Ala21 13 Cα cross-peak is observed in the fibril conformation but not the oligomer conformation. (c) Rows through the Gly37 13 CO diagonal resonance in DARR NMR spectra of Aβ42 fibrils (red trace) and oligomers (black trace). A distinct Gly37 13 CO…Gly37 13 Cα cross-peak is observed in the fibril conformation but not in the oligomer conformation. Smaller natural abundance (na) cross-peaks are observed in the oligomer samples. Spinning side bands (ssb) due to magic angle spinning are indicated. The data indicate that Aβ42 fibrils have β-strands in a parallel and in-register orientation, but oligomers do not. 
Fibrils Oligomers
Fibrils Oligomers a r t i c l e s between Ala21 and Gly37. We prepared fibril and oligomer samples by mixing the Aβ42-Ala-Gly 1 and Aβ42-Ala-Gly 2 peptides (see Table 1 ) in equimolar amounts. If the β-strands in Aβ42 fibrils have a parallel, in-register orientation (as shown in Fig. 3a) , we expected to observe off-diagonal cross-peaks between the Ala21 13 CO and Ala21 13 Cα resonances and between the Gly37 13 CO and Gly37 13 Cα resonances on adjacent peptides. Figure 3b shows rows from the NMR spectra through the 13 CO diagonal resonance of Ala21 in fibrils (red trace) and in oligomers (black trace). We observed a distinct cross-peak between the Ala21-13 CO and Ala21- 13 Cα resonances in the fibril sample. In contrast, in the oligomer sample, we observed only a small natural-abundance crosspeak. Natural-abundance cross-peaks arise between labeled 13 CO sites and their own directly bonded Cα carbons that include 13 C atoms at their natural abundance level (1.1%). The expected naturalabundance cross-peak provides an internal control for calibrating the strength of the dipolar coupling between fully 13 C-labeled sites. Figure 3c shows rows from the DARR NMR spectra through the 13 CO diagonal resonance of Gly37 in fibrils (red trace) and in oligomers (black trace). As with Ala21, we observed distinct cross-peaks between the Gly37-13 CO and Gly37- 13 Cα resonances in the fibril sample, whereas we observed only small natural-abundance cross-peaks in the oligomer sample. We obtained a similar result when we tested for a parallel and in-register orientation at Gly33 in Aβ42 fibrils and oligomers (Supplementary Results 7) .
Together, these results show that fibrils have N-and C-terminal β-strands with parallel and in-register orientations. The large crosspeaks observed for fibrils at Ala21, Gly33 and Gly37 correspond to interstrand distances of less than 6 Å, the distance range for the DARR NMR experiment. In contrast, the neurotoxic oligomers did not show close contacts at these three positions, indicating that they do not form parallel and in-register β-sheets.
Phe19-Leu34 packing in Ab42 oligomers and fibrils
The data described above show that the stable Aβ42 oligomers have a different overall conformation from, and are less ordered than, either Aβ40 oligomers or Aβ42 fibrils. Nevertheless, our previous AFM images and solution NMR results (Supplementary Results 6) argue the Aβ42 oligomers are compact and that portions of the hydrophobic C terminus are largely solvent inaccessible. These observations suggest that the hydrophobic C terminus in the Aβ42 oligomer may form a U-shaped hairpin structure, as it does in Aβ42 fibrils.
To address how the hydrophobic C terminus packs in Aβ42 oligomers and fibrils, we measured specific intrapeptide distances. We targeted the hydrophobic contacts of Phe19, which was predicted previously 14 to pack against Gly38 in Aβ42 fibrils 14 . A Phe19-Gly38 interaction contrasts with the Phe19-Leu34 interaction observed in Aβ40 fibrils 19 . We designed DARR NMR experiments to measure 13 C... 13 C dipolar couplings within a single Aβ42 peptide containing ring-13 C 6 -Phe19, U-13 C 6 -Leu34 and 13 Cα-Gly38.
In Aβ42 fibrils (Fig. 4a) , we observed intense cross-peaks (red boxes) between the major Phe19 resonance (Cδ 1 , Cδ 2 , Cε 1 , Cε 2 and Cζ) and the Leu34 resonance (Cγ, Cδ 1 and Cδ 2 ). In contrast, we observed no cross-peaks between the Phe19 and Gly38 resonances (blue boxes). These data indicate that the side chain packing of Aβ42 fibrils within the β-turn-β motif closely resembles that in Aβ40 fibrils, where Phe19 packs against Leu34 (Fig. 1) . The data are not consistent with the previously proposed Aβ42 model 14 .
In parallel experiments on the Aβ42 oligomers ( Fig. 4b) , we observed intense cross-peaks between the major Phe19 resonance and the side chain resonances of Leu34. The contacts between Phe19 and Leu34 indicate that Aβ42 fibrils and oligomers have a similar turn conformation in this region of the peptide (Fig. 4c) . The intensity of the cross-peaks argues that the oligomers are homogeneous with respect to this specific structural feature and that there is not a dynamic equilibrium between extended and folded structures. Dilution experiments of the Aβ42-Phe-Lys-Gly peptide used for these experiments with unlabeled Aβ42 show that the cross-peaks arose from intramolecular contacts (data not shown).
Table 1 Isotope-labeled Ab42 peptides
Aβ42-His-Gln-Ala 13 Cε 1 -His13, 13 Cε 1 -His14, 13 Cδ-Gln15, 13 Cβ-Ala42
Aβ42-Phe-Lys-Gly Ring-13 C 6 -Phe19, U-13 C 6 , 15 N-Leu34, 13 Cα-Gly38
Aβ42-Met35 13 Cε-Met35
Aβ42-Gly33 13 Cα-Gly33
Aβ42-Gly37 13 Cα-Gly37
Aβ42-Gly-Met-Gly 13 CO-Gly33, 13 Cε-Met35, 13 Cα-Gly37
Aβ42-Ile31 U-13 C 6 , 15 N-Ile31
Aβ42-Val39 U-13 C 5 , 15 N-Val39
Aβ42-Ala-Gly 1 13 CO-Ala21, 13 Cα-Gly37
Aβ42-Ala-Gly 2 13 Cα-Ala21, 13 CO-Gly37
Figure 4
Turn structure in Aβ42 fibrils and neurotoxic oligomers. (a) Above, onedimensional 13 The observation of a Phe19-Leu34 contact in both Aβ42 oligomers and fibrils is consistent with the hydrophobic collapse of residues within two of the most hydrophobic stretches of the Aβ peptide (Leu17-Ala21 and Ile31-Val36). The turn structure may be nucleated and stabilized by a favorable electrostatic interaction between Asp23 and Lys28 (refs. 37,38) .
b-strand staggering occurs in Ab42 fibrils
The β-strands within the β-turn-β motif have previously been shown by solid-state NMR to have a staggered conformation in Aβ40 fibrils 19 . To test for a staggered conformation in Aβ42 fibrils and oligomers, we prepared samples using an equimolar mixture of two different Aβ42 peptides to measure inter-peptide 13 C… 13 C dipolar couplings. For these experiments, we labeled one peptide with 13 Cδ-Gln15 (Aβ42-His-Gln-Ala, Table 1 ) and a second peptide with 13 Cα-Gly37 (Aβ42-Gly37).
For Aβ42 fibrils, the DARR NMR spectrum (Fig. 5a) showed a cross-peak between Gln15 and Gly37, consistent with close packing of the Gln15 side chain and the backbone Cα carbon of Gly37. The observed contact between 13 C-labeled sites on adjacent peptides indicates that the β-strands are staggered. In a nonstaggered geometry, the predicted distance between the labeled sites is >6-7 Å, which is outside of the detection limit of the DARR NMR experiment. In parallel experiments on Aβ42 oligomers (Fig. 5b) , we observed no cross-peaks between Gln15 and Gly37, consistent with their lack of β-sheet secondary structure.
Conversion of aggregated strands into b-sheets
The measurement of specific intra-and interpeptide contacts by solid-state NMR spectroscopy provides constraints on the structural transition that occurs between Aβ42 oligomers and fibrils. There are least two steps that must occur in this transition. The first step involves interstrand hydrogen bonding of the hydrophobic segments between Leu17-Ala21 and Ile31-Val36 in a parallel and in-register orientation. This step represents the nucleation of β-sheet secondary structure 39, 40 . The second step involves staggering of the individual β-strands within the β-sheet. Side chain packing of the staggered β-strands likely occurs early in the nucleation process and leaves an exposed stretch of hydrophobic residues, where monomeric Aβ42 can add to the growing fibril in a unidirectional fashion 14, 41 .
The stable oligomers convert to protofibrils and fibrils when the temperature is raised. The temperature-dependent nature of the transition argues that it is entropy driven, suggesting a release of bound water from hydrophobic surfaces during the transition. This release might occur when the pentamers associate to form decamers or dodecamers or when the aggregated strands align to form parallel and in-register β-sheet secondary structure.
DISCUSSION

Structure and composition of the Ab42 oligomers
Using a combination of single-touch AFM, SEC and native gels, we have shown that Aβ42 can form stable disc-shaped pentamers with widths of 10-15 nm and heights of ~2 nm. Figure 6 shows a molecular model of the Aβ42 pentamer that agrees with the overall dimensions observed by AFM (see Supplementary Results 1 and 2) . Each monomer within the pentamer has a diameter of ~5 nm and a height of 2 nm, consistent with AFM images showing discrete units surrounding a central axis (Fig. 6c) . The hydrophobic C terminus of each monomer is oriented toward the center of the oligomer, where it is protected from hydrogen-deuterium exchange. The compact fold of the peptide is facilitated by solvent-accessible turns at His13-Gln15, Gly25-Gly29 and Gly37-Gly38, which place Phe19 in contact with Leu34.
The disc-shaped pentamers may associate to form oligomers with an average height (measured by AFM) of ~3-4 nm. The formation of decamers (and possibly undecamers and dodecamers) is favored at higher peptide concentrations, higher temperature and physiological salt concentrations 33 .
Contrary to Aβ42 globulomers (dodecamers) that are stabilized using lipid or detergents, the oligomers in this study represent an on-pathway intermediate for fibril formation. In the presence of SDS, the pentamers can be broken down into trimers and tetramers. Recent solution NMR studies of Aβ42 in SDS 34 show a different structure from that of the soluble pentamer. Intermolecular hydrogen bonding within the C-terminal β-strand stabilizes Aβ42 dimers. One can speculate that the detergent environment shifts the stabilizing interactions within the strand-turnstrand unit such that the hydrophobic residues in the C terminus rotate to interact with the hydrophobic dodecyl chains of SDS.
Structure of Ab42 fibrils
Distance measurements between 13 C-sites using solid-state NMR provide constraints on the structure of Aβ42 fibrils. Our data confirm a r t i c l e s that the C-terminal hydrophobic sequence of Aβ42 folds into a β-turn-β conformation ( Fig. 6d) and that Aβ42 fibrils are composed of multiple β-turn-β units that polymerize in a parallel and in-register orientation. DARR NMR measurements specifically show that the side chain packing registry within the β-turn-β structure involves molecular contacts between Phe19 and Leu34 and between Gln15 and Gly37. Additionally, the Gln15-Gly37 contact is intermolecular in nature and arises from a staggering of the β-strands within the β-turn-β unit (Fig. 6e) .
On the basis of pairwise mutational experiments of Asp23 and Lys28, a model 14 of Aβ42 was developed with a similar domain-swapping architecture. The side chain packing registry within the β-turn-β motif of Aβ42 fibrils is similar to that observed previously 19, 20 in Aβ40 fibrils (Fig. 1) . These results indicate that the core β-strand-turn-β-strand unit is similar for fibrils formed from Aβ40 and Aβ42 peptides. The data are consistent with previous studies showing that the Aβ40 and Aβ42 peptides homogeneously mix in amyloid fibrils, suggesting that Aβ40 and Aβ42 fibrils have the same structural architecture 17 .
Our model differs from the one proposed previously 14 with respect to the specific side chain packing arrangement within the β-turn-β unit. According to the previous model, Phe19 packs against Gly38 based on fibril-recovery experiments using a pairwise mutagenesis strategy. They found that the G38F single mutation reduced the fibril-forming capacity of recombinant Aβ42 M35L peptides and that the G38F, F19G double mutation recovered fibril-forming capacity, implying that Phe19 packs against Gly38 in wild-type Aβ42 fibrils. In contrast, our data show a four-residue shift in alignment, where Phe19 packs against Leu34 in the fibril conformation. Additionally, the observed Gln15-Gly37 and His13-Gln15 contacts (see Fig. 5 legend) suggest that the N-terminal β-strand starts at least at residue 13, consistent with the solvent-exchange studies in previous work 13 showing that the first 10, rather than 17, N-terminal residues are unstructured.
In investigating whether the Aβ42 fibrils are composed of multiple β-turn-β units at the fibril cross-section, we had previously reported that Met35 forms an intermolecular contact with Gly37, indicating that the cross-section of Aβ42 fibrils is composed of two β-turn-β units with two-fold symmetry 39 . Given the recent literature showing that the packing of the β-turn-β units in Aβ40 fibrils depends on the specific fibril morphology observed by electron microscopy 20 , we tested other possible contacts along the C-terminal β-strand that would facilitate the packing of multiple β-turn-β units at the fibril cross-section and found no additional contacts (Supplementary Results 1 and 7) .
Implications of Ab42 oligomer structure for toxicity
We found stable oligomeric Aβ42 complexes to be highly toxic to primary cultures of mouse cortical neurons, and the conversion to elongated protofibrils resulted in significantly (P < 0.02) decreased toxicity. Although our samples primarily contained pentamers and hexamers, higher-molecular weight decamers and dodecamers were also present (Supplementary Results 2) , and we have previously shown that these high-molecular weight oligomers readily form under physiological conditions of temperature and salt 33 . Recent evidence suggests that Aβ42 dodecamers derived from APPoverexpressing transgenic mice can impair memory when injected into the brains of young rats 25 .
In distinguishing which of the intermediates along the aggregation pathway are responsible for toxicity, previous work 42 found that dissociation of dodecamers into smaller trimer and/or tetramer complexes can lead to cognitive recovery in mouse models of Alzheimer's disease. These results agree with our single-touch AFM studies on Aβ42 showing that oligomers having heights of 4-5 nm can be reduced to heights of 2-3 nm in the presence of designed peptide inhibitors that bind the hydrophobic C terminus of Aβ42 and inhibit neurotoxicity 33 . These studies suggest that the pentamer and hexamer oligomers may be the building blocks of the more toxic decamer and dodecamer complexes. Nevertheless, it remains possible that these oligomers change structure or composition upon interaction with cellular components, such as membrane bilayers, to induce cell toxicity. In this regard, previous studies have shown that SDS-stable dimers derived from the brains of patients with AD impair synaptic plasticity and memory 43, 44 .
One of the major puzzles in the AD field has been how the difference of two residues between Aβ40 and Aβ42 can so markedly change the toxicity and aggregation properties of the peptide. The structural studies reported here indicate that the hydrophobic C-terminal residues in Aβ42 stabilize the neurotoxic low-order oligomers in a non-β-sheet secondary structure. We find that the conversion to protofibrils and fibrils having β-sheet secondary structure reduces toxicity.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website. 
